croscopy results suggest that compact wrinkling of the plasma membrane by myosin-mediated F-actin contraction is an explanation for cortical actin accumulation at the matrix side. The myosin II inhibitor blebbistatin suppressed the 3-dimensional collective migration of A549 cells induced by constitutively active Cdc42 and MT1-MMP. Conclusion: Cortical actin accumulation at the matrix-side cytoplasm of cancer cells occurs in invasive lung adenocarcinomas and it possibly participates in the migration of cancer cells through myosin-mediated contraction.
mesenchymal, amoeboid migration, and multicellular collective cell migration occur. Mesenchymal migration has some parallels with 2D migration [2] and pseudopodia-based actin polymerization with additional matrix proteolysis generates its main propulsion force. In contrast, contraction of cortical actin generates the main propulsion force in amoeboid migration both by bleb-dependent and independent manners [3, 4] . Contraction of cortical actomyosin is also considered crucial in the collective migration of squamous cell carcinoma cells [5] . Cortical actin is a thin layer of filamentous (F-)actin that lies beneath the plasma membrane with nonmuscle myosin and actin-binding proteins; it participates in cellular differentiation, morphogenesis, cytokinesis, and migration [6] . The pathophysiology of the actin cortex has not been thoroughly studied [7] . Cortical F-actin is distributed throughout the cellular cortex; however, it shows a specific subcellular localization to the apical domain apart from the basal/matrix side in polarized epithelial cells of a developing mouse neural tube [8] and a Drosophila egg chamber [9] . In the amnioserosal epithelium of Drosophila , the distinct actin cortex is present at the apical surface and its contraction participates in apical constriction [10] . In contrast, in the squamous cell carcinoma A431 cells, the actomyosin filament is localized to the cell cortex in contact with extracellular matrix and it participates in collective cell migration [5] . In our previous study, subcellular localization of the actin-binding proteins actinin-1 and cortactin showed translocation from the apical side to the matrix side facing surrounding interstitium in lung cancer cells and it significantly correlated to cancer cell invasion [11] . Accordingly, we hypothesized that the subcellular translocation of F-actin possibly occurs in cancer cells and this participates in invasion.
In this study, we initially used immunohistochemistry to study the subcellular localization of β-actin in clinical samples of lung adenocarcinomas and verify its correlation to invasion, metastasis, and prognosis. Next, we experimentally studied the participation of cortical actin in cancer cell migration using an in vitro 3D model of cancer cell migration. We also discuss how the matrix-side cortical actin can participate in the invasion of cancer cells.
Materials and Methods

Patients
Between 1999 and 2007, 109 cases of adenocarcinomas that were surgically resected in the Tokyo Medical and Dental University Hospital were examined (online suppl. Table 1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000452838). The cases fulfilled the following prerequisites: each patient underwent a lobectomy or segmentectomy with lymph node dissection, no patient underwent preoperative chemotherapy, and follow-up data from each patient was available. Each lesion was fixed in formalin and embedded in paraffin. This study was conducted in accordance with the amended Declaration of Helsinki and approved by the Internal Review Board of Bioethics of Tokyo Medical and Dental University (registry No. 727 and 2028). Although written informed consent was not obtained from the patients, the ethics committee approved waiver of specific informed consent in accordance with amended Ethical Guidelines for Clinical Studies provided by the Ministry of Health, Labor and Welfare of Japan (July 31, 2008 ). This research plan was disclosed in a poster format in the hospital to ensure that patients had the opportunity to refuse research use and this disclosure was substituted for informed consent, and the ethics committee approved this consent procedure.
Histological Evaluation
Adenocarcinomas were classified into adenocarcinoma in situ (AIS), minimally invasive adenocarcinoma (MIA), and lepidic, acinar, papillary, micropapillary, solid, and invasive mucinous subtypes according to the WHO classification criteria [12] . Tumor stages were determined according to the staging manual of the International Association of the Study of Lung Cancer [13] .
Immunohistochemical Examination
The antibodies used were as follows: β-actin (1: 4,000, EP1123Y, Epitomics, Burlingame, CA, USA), laminin-511/C1 (1: 100, sc-59846, Santa Cruz Biotechnology, Santa Cruz, CA, USA,), and phospho-MLC2 (myosin light chain 2; ×200, 3674, Cell Signaling Technology, Danvers, MA, USA). Deparaffinized sections were heated in an antigen retrieval buffer (Nichirei Bioscience, Tokyo, Japan) at 98 ° C for 40 min or reacted with a protease for 30 min (laminin-C1). The slides were then treated with methanol containing 0.3% (v/v) hydrogen peroxide for 10 min and reacted with primary antibodies, ABC detection kit (Vector, Burlingame, CA, USA), and diaminobenzidine in succession. For immunofluorescence, anti-mouse IgG-Alexa 488 and anti-rabbit IgG-Alexa 546 were used.
From each case, we selected 1 paraffin block which was composed of noninvasive/lepidic and invasive subtypes with the appropriate proportion in order to make it representative of each case. The scoring of immunohistochemical findings was done on paraffin sections. As a proportion of positive or negative cells showed a more prominent difference among the examined cases and this was easier to quantify than the strength of staining, grading was according to the proportion of positive cells (β-actin) or negative cells (laminin-C1) [11] . The following scale was used: none as "0", up to 5% as "1", 5% to one-third as "2", one-to twothirds as "3", two-thirds to 95% as "4", 95% to less than 100% as "5", and 100% as "6". Grades of "0" and "1" were classified as low and "2-6" as high.
For the staining of actin on frozen sections, formalin-fixed tissues were immersed with PBS containing 20% sucrose, embedded in OCT compound (Tissue Tek, Torrance, CA, USA), and frozen in liquid nitrogen. Frozen sections were reacted with phalloidinAlexa 488 or phalloidin-Alexa 555 (1: 100 Cytoskeleton, Denver, CO, USA). Frozen sections were reacted with methanol for 10 min before the immunostaining of β-actin. 173 acquired on an inverted confocal microscope (Fv1200, Olympus, Tokyo, Japan) and analyzed with software OSR (Olympus) for the acquisition of super-resolution images.
Statistical Analysis
Correlations between the patients' clinicopathological factors and immunohistochemical results were assessed by the MannWhitney U test. Tumor-specific survival curves and disease-free survival curves were analyzed by the Kaplan-Meier method, and the statistical significance of differences was determined by logrank test. In the multivariate Cox proportional hazards regression analysis, any clinicopathological factors with a p value <0.05 by univariate analysis were included. One patient who died of other diseases was excluded from the analysis of survival. The statistical analysis was performed using StatFlex v.6.0 (Artech, Osaka, Japan).
Preparation of Lentiviral Particles
Constitutively active myc-Cdc42-Q61L (12974, Addgene, Cambridge, MA, USA), dominant negative myc-Cdc42-T17L (12973, Addgene), DDK-tagged MT1-MMP (Origene, Rockville, MD, USA), and Lifeact-GFP [14] were cloned into either CS-II-EF-RfA (Cdc42, provided by Hiroyuki Miyoshi, RIKEN, Tsukuba, Japan) or CSII-MCS-CMV vector (MT1-MMP and Lifeact-GFP, RIKEN). Lentiviral particles were produced with HEK293T cells and Lenti-X packaging kit (Clontech, Mountain View, CA, USA) according to the manufacturer's protocol. Viral particle-containing supernatants were passed through a 0.45-μm filter, concentrated 10-fold with Lenti-X concentrator (Clontech), aliquoted, and stored at -80 ° C.
Cell Culture in 3D Gels and Lentiviral Infection A549 lung adenocarcinoma cells was purchased from the Japanese Cancer Research Source Bank. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS). Between 2,000 and 5,000 cells were suspended in 50 μL of type I collagen gel (final concentration of 2.0 mg/mL, Nitta Gelatin, Tokyo, Japan) containing growth factorreduced Matrigel TM (final concentration of 150 μg/mL, Corning, Tewksbury, MA, USA) [5] and supplemented with DMEM. Next, the cells were plated in a well of a 96-well optical plate (Thermo Fisher Scientific, Rochester, NY, USA) and overlaid with 100 μL of DMEM/FCS after a 30-min incubation at 37 ° C. The cells were fed every 2 days for 8 days. Cells in type I collagen and Matrigel mixed gel were infected with 25 μL of lentivirus-containing medium for 15 h on the fifth day. Blebbistatin (Enzo Life Science, Farmingdale, NY, USA) was used at 50 μ M and added to the cells on the sixth day, 15 h after lentiviral infection. For culture in Matrigel, 30 μL of Matrigel was plated and a suspension of 2,000-5,000 cells/100 μL of DMEM/FCS with lentiviral particles was overlaid. The DMEM/ FCS was removed on the next day, 20 μL of Matrigel was overlaid, and 100 μL of DMEM/FCS was then overlaid after a 30-min incubation at 37 ° C.
Image Analysis of A549 Cells in 3D Culture
Gels were fixed with paraformaldehyde, washed with PBS containing 0.25% Tween-20, and then stained with phalloidin and 4 ′ ,6-diamidino-2-phenylindole (DAPI; Wako, Osaka, Japan). Fluorescence images were acquired using 10× O/0.40 or 60× O/1.40 objectives on an inverted confocal microscope (Fv1200) and analyzed using FV10-ASW software (Olympus). For the quantification of phalloidin fluorescence, line tools measured the fluorescence intensities at more than 10 points from each object, each intensity on a line was averaged, and the cortex/ cytoplasm ratio was calculated and regarded as the measured value [6] . For immunocytochemistry, 3D-cultured A549 cells were embedded in paraffin and processed similarly to immunohistochemistry. In order to confirm the specificity of the anti-phosphorylated MLC2 antibody, the section was pretreated with lambda phosphatase (400 units/section, BioAcademia, Osaka, Japan) at 30 ° C for 60 min. Phosphorylated MLC was regarded as positive when more than a quarter of the matrix-side circumference of a spheroid was stained. For electron microscopy, A549 cells were fixed with 2.5% glutaraldehyde, routinely processed, and observed by a transmission electron microscope (H-7200, Hitachi, Tokyo, Japan).
Quantification of Migration of A549 Cells in 3D Gels
The migration of A549 cells in 3D gels was measured by the nuclear position of A549 cells in order to exclude the effect of elongation of cytoplasmic spikes. The maximum axial lengths of more than 50 colonies in each experimental condition were measured on an inverted confocal microscope and the degree of migration was represented by their average.
Cell Growth Assay
To assay cell growth, 2,000 A549 cells were seeded on a well of a 96-well plate, incubated with 80-90 μL of DMEM/FCS and 10-20 μL of lentivirus-containing medium for 15 h, and then incubated with DMEM/FCS containing blebbistatin for 48 h. Next, the medium was replaced with 100 μL of DMEM/FCS containing 10 μL of Cell Counting Kit-8 (Dojindo, Osaka, Japan), incubated for 30 min, and the optical density at 450 nm was measured.
RNA Extraction and RT-PCR
The preparation of mRNA from A549 and normal airway epithelial cells, as well as the quantification of MT1-MMP mRNA, was similar to a previous description [11] .
Results
Cortical Actin Distribution in Normal and Lung Adenocarcinoma Cells
In normal type II alveolar cells and the bronchiolar epithelium, β-actin showed localization to the apical-and intercellular-side cytoplasm, but seldom showed matrixside localization ( Fig. 1 a, b) . In AIS, localization of β-actin was found in apical-side cytoplasm and rarely found in the matrix-side cytoplasm ( Fig. 1 c, d ). The basement membrane represented by laminin-C1 was well preserved ( Fig. 1 e) . In invasive acinar adenocarcinoma cells, β-actin was frequently observed not only in the apical-side cytoplasm, but also in the matrix-side cytoplasm beneath the basal plasma membrane facing surrounding interstitium ( Fig. 1 f, g ). Most of the matrix-side actin showed a linear pattern extending over the plural cells. The disruption or absence of laminin-C1 was frequently observed and this correlated with the matrix-side localization of β-actin ( Fig. 1 h; online suppl. Fig. 1A ). Matrix-side localization of β-actin was also observed in invasive papillary, micropapillary, and solid adenocarcinomas ( Fig. 2 a-c) . Both in MIAs and lepidic adenocarcinomas, matrix-side localization of β-actin was observed mainly in the invasive components, and also found in the lepidic components to a lesser degree ( Fig. 2 d-h) . Because of the limited amount of invasive components as well as lesser degree of actin alteration in the lepidic components, the degree of matrix-side localization of β-actin in MIA was intermediate between those of AIS and invasive adenocarcinomas (online suppl. Fig. 1B-D) .
The anti-β-actin antibody used in this study can react with both monomeric and F-actin. Accordingly, we compared the immunohistochemical distribution of β-actin and F-actin visualized by phalloidin on frozen sections. In normal bronchiolar cells, the staining of both β-actin and phalloidin was localized in apical-side cytoplasm (online suppl. Fig. 2A, B) . In invasive acinar adenocarcinoma cells, the staining of both β-actin and phalloidin was found in the matrix-side cytoplasm of cancer cells (online suppl. Fig. 2C, D) . The distribution of β-actin and F-actin-binding Lifeact by fluorescent double immuno- staining on a paraffin section of Lifeact-expressing A549 cells were similar (online suppl. Fig. 2E, F) . Accordingly, we concluded that the β-actin immunostaining in this study represented F-actin.
Clinical Significance of the Matrix-Side Cortical Actin of Lung Adenocarcinoma Cells
We identified 65 out of 109 adenocarcinoma cases that were estimated to have a high degree of matrix-side localization of β-actin. The degree of matrix-side localization of β-actin was correlated with tumor extension, lymph node metastasis, vascular permeation, and lymphatic permeation ( Table 1 ) .
Tumor-specific survival and disease-free survival of both the stage I and stage I-III patients were significantly worse for the group in which the matrix-side localization of β-actin was high compared to the low group ( Fig. 2 i) . Multivariate analysis showed a trend toward worse prognosis of the β-actin high group (online suppl. Table 2) . These results suggest a close relationship between the matrix-side localization of β-actin with invasion and metastasis.
Cortical F-Actin Distribution in 3D-Cultured A549 Cells
In order to clarify the significance of cortical F-actin in cancer cell invasion, we first studied the distribution of F-actin in lung adenocarcinoma A549 cells in a 3D environment. When lung adenocarcinoma A549 cells were grown in type I collagen and basement membrane extract Matrigel mixed gel [5] for 8 days, A549 cells formed round spheroids without a luminal structure. By phalloidin staining, cortical F-actin was mainly distributed beneath the matrix-side plasma membrane and faintly beneath the intercellular plasma membrane in almost all of the A549 spheroids ( Fig. 3 a) .
Our study of clinical materials revealed a close correlation between the matrix-side cortical actin and the loss of basement membrane laminin-C1, and this suggested a causal relationship between them. Accordingly, we studied the effect of basement membrane extract Matrigel on matrix-side F-actin. In pure Matrigel, the matrix-side cortical F-actin was less intense than those in a type I collagen and Matrigel mixed gel ( Fig. 3 a) . Phosphorylated MLC, which regulates F-actin contraction, was also observed at the matrix-side in a type I collagen and Matrigel mixed gel, and, similarly to F-actin, it was less intense in pure Matrigel ( Fig. 3 b; online suppl. Fig. 3 ). Using the myosin inhibitor blebbistatin, which suppresses actomyosin contraction through the inhibition of myosin ATPase activity [15] , matrix-side cortical F-actin became sparse and unclear ( Fig. 3 c) .
By super-resolution and electron microscopy, the matrix-side surface of A549 cells in type I collagen and Matrigel mixed gels showed the wrinkling of plasma membrane underlaid by F-actin ( Fig. 4 a) . With the addition of blebbistatin, the surface wrinkling was stretched and expanded. The matrix-side surface of A549 cells in pure Matrigel was nearly smooth and F-actin was partly discontinuous. In the surgically resected lung adenocarcinoma cells, the matrix-side surface was mostly smooth but wrinkles were observed occasionally ( Fig. 4 b) .
These results suggest that compact wrinkling of the plasma membrane by myosin-mediated F-actin contraction is one explanation for cortical actin accumulation at 
Participation of Cortical F-Actin in 3D Migration of A549 Cells
Next, we examined whether cortical F-actin participates in the 3D migration of A549 cells. Cdc42 possibly participates in 2D [16] , amoeboid [17] , and collective migration [5] , as well as matrix proteolysis through invadopodia induction [18] . In addition, vav1 [18] , a possible Cdc42 activator [18] , is frequently overexpressed in lung cancers [19] , which suggests a possible Cdc42 participation in these cancers. Accordingly, we transduced constitutively active Cdc42 to A549 cell spheroids by lentiviral vectors in order to migrate them. quantification (data not shown). As expected, about 40-60 h after the lentiviral transduction of both the genes, chains of A549 cells were protruding from the spheroids into the matrix ( Fig. 5 A) . The transduction of constitutively active Cdc42 alone was partially effective on migration, but dominant negative Cdc42 was not effective at all (online suppl. Fig. 4) . The matrix-side cortical F-actin of the protruding cells was less intense than that of the spheroid parts (0.56: 1, n = 35, paired t test, p < 0.001) and the cells with attenuated cortical F-actin protruded into the matrix. By superresolution microscopy, the matrix-side surface of the protruding cells was mostly smooth with a few wrinkles reflecting less intense cortical F-actin. In contrast, prominent plasma membrane wrinkles at the spheroid parts and cytoplasmic protrusions at the leading edge were observed ( Fig. 5 B) .
We examined whether inhibition of cortical F-actin contraction by myosin inhibitor blebbistatin affected the 3D migration of A549 cells. Under the existence of blebbistatin, the A549 cells transduced with active Cdc42 and MT1-MMP showed fine spikes, about 10-30 μm in length, on the surface of the spheroids, as were previously described in colon cancer Caco-2 cells [20] . However, their nuclei remained behind ( Fig. 6 a, b) . When the lengths of colonies were measured at the nuclear position, they were elongated 2.1-fold by the simultaneous transduction of constitutively active Cdc42 and MT1-MMP. This elongation was significantly suppressed to 48% by blebbistatin ( Fig. 6 c, d ). This suggests that cortical F-actin and phosphorylated myosin, both of which are mainly located in the matrix side of A549 colonies, promotes 3D migration through myosin-mediated cortical F-actin contraction.
In order to exclude the effect of proliferating activity on the axial length of colonies, we quantified the growth of A549 cells with lentiviral gene transduction (online suppl. Fig. 5 ). Constitutively active Cdc42 suppressed the growth of A549 cells to one-third and blebbistatin restored the cell growth suppressed by active Cdc42. These results suggest that the axial length does not reflect alteration of the proliferating activity by the transduction of constitutively active Cdc42 or blebbistatin.
Discussion
We showed that cortical actin accumulated at the matrix-side cytoplasm in invasive lung adenocarcinoma cells. The source of cortical actin accumulation at the matrix-side cytoplasm of invasive adenocarcinoma cells can be explained by 2 possibilities: compact wrinkling of the plasma membrane by myosin-mediated contraction as well as an increased amount of cortical F-actin due to either promoted assembly or suppressed disassembly.
The super-resolution and electron microscopy studies of A549 cells suggest that accumulation at the matrix-side cortical actin reflects plasma membrane wrinkling. Plasma membrane wrinkles are unfolded by increased mechanical tension of the plasma membrane [21] , which is negatively regulated by actomyosin contraction [22] . Conversely, it can be said that plasma membrane wrinkling is promoted by contraction of the underlying cortical actin [23] . The existence of phosphorylated MLC with F-actin and expanded wrinkles by the addition of blebbistatin, the inhibitor of actomyosin contraction, support myosin-mediated plasma membrane wrinkling.
The polarized distribution of F-actin in the epithelial cells is dependent on Rac1 activation and RhoA inactivation [24, 25] . Conversely, polarity inversion occurs through the signal from activated RhoA that leads to MLC phosphorylation [25, 26] . Laminin, the major component of basement membrane, preferentially activates Rac1 over RhoA in A549 cells [27] . Additionally, MLC phosphorylation at the matrix side of A549 cells was diminished in pure Matrigel. These findings suggest that the suppression of RhoA to myosin signaling by the basement membrane can explain the relationship between basement membrane composition and the matrix-side cortical actin accumulation in both clinical samples and 3D cultured A549 cells. An increased amount of cortical F-actin due to either promoted assembly or suppressed disassembly is another possible explanation for accumulation of the matrix-side cortical actin. One of the regulators of cortical F-actin assembly and disassembly is PtdIns(4,5)P 2 [28] by its activation of actin nucleators, such as mDia1 [29] and inhibition of actin depolymerizing proteins, such as cofilin [30] . PtdIns(4,5)P 2 and F-actin are mainly located in the apical portion of polarized epithelium and the putative determinant of this orientation is also the signaling that originated from the binding of basement membrane laminin with its integrin receptor and dystroglycan [24, 26] . Accordingly, PtdIns-mediated F-actin regulation is another possible explanation for the accumulation of the matrixside cortical actin and its relationship with loss of the basement membrane.
In this study, the migration of A549 cells was significantly suppressed under the presence of myosin inhibitor blebbistatin. This suggests that cortical F-actin and phosphorylated myosin, both of which are mainly located in the matrix side of A549 colonies, promotes 3D migration through myosin-mediated cortical F-actin contraction. Previous studies also showed that the collective migration of squamous cell carcinoma A431 cells is suppressed by the reduction of MLC phosphorylation, which was localized to the cortex in contact with matrix [5] , and this also suggests participation of the matrix-side cortical actin contraction in cancer cell migration. Nuclear translocation in the 3D migration of leukocytes is dependent on cortical actin contraction [31] and it might be hypothesized that cortical actin contraction is necessary for the translocation of intracytoplasmic components, also including the nucleus in the collective migration of cancer cells. However, it remains to be clarified whether subcellular localization of cortical actin to the matrix side is crucial for 3D collective migration. The reproducibility of the experiment using other cell lines is another subject that remains to be clarified.
In spite of the existence of matrix-side cortical F-actin and phosphorylated myosin, A549 cells in 3D gels formed expansive spheroids without protruding cells to the surrounding matrix. Thus, the existence of matrix-side cortical F-actin alone is presumably not sufficient for collective cancer cell migration. Leader cells in collective migration show prominent actin polymerization, which forms filopodia or pseudopodia [32] , and suppressed actomyosin contraction [33] , which negatively regulates the initiation of leader cells [34] . Attenuated cortical F-actin and stretched plasma membrane of protruding A549 cells induced by active Cdc42 and MT1-MMP transduction suggests actin polymerization beyond the cortical actin contraction, and a similar characteristic to leader cells in collective migration. Accordingly, it can be assumed that collective migration requires coordination of cortical Factin contraction and actin polymerization toward the direction of migration. Cdc42 possibly participates in actin polymerization beyond the cortical actin contraction in the protruding cells through N-WASP/ARP2 activation [18] .
This investigation exclusively focused on lung adenocarcinomas; however, our preliminary study revealed that matrix-side localization of cortical actin was also found in squamous cell carcinomas and small cell carcinomas (online suppl. Fig. 6 ). Accordingly, it is possible to say that cortical actin participates in the invasion of lung cancers other than adenocarcinomas.
Alteration of cortical actin localization can be regarded as axial inversion in invasive cancer cells. Axial inversion was previously reported in cancers of other organs, such as breast [35] , gastric [36] , salivary [37] , and urothelial cancers [38] , as micropapillary subtypes with their aggressive characteristics. It is possible that translocation of apical surface characteristics to the matrix side occurs even in the ordinary subtypes of invasive cancers, and some of the translocated molecules possibly participate in cancer cell invasion.
In conclusion, our studies revealed actin accumulation at the matrix-side cortex in invasive lung adenocarcinoma cells, as well as its correlation with tumor stages and poor prognosis. Contraction of cortical F-actin in the cellular collectives possibly participates in the migration of cancer cells.
